Alterations in synaptic input, persisting for hours to days, elicit homeostatic plastic changes in the axon initial segment (AIS), which is pivotal for spike generation. Here, in hippocampal pyramidal neurons of both primary cultures and slices, we triggered a unique form of AIS plasticity by selectively targeting M-type K + channels, which predominantly localize to the AIS and are essential for tuning neuronal excitability. While acute M-current inhibition via cholinergic activation or direct channel block made neurons more excitable, minutes to hours of sustained M-current depression resulted in a gradual reduction in intrinsic excitability. Dual soma-axon patch-clamp recordings combined with axonal Na + imaging and immunocytochemistry revealed that these compensatory alterations were associated with a distal shift of the spike trigger zone and distal relocation of FGF14, Na + , and K v 7 channels but not ankyrin G. The concomitant distal redistribution of FGF14 together with Na v and K v 7 segments along the AIS suggests that these channels relocate as a structural and functional unit. These fast homeostatic changes were independent of L-type Ca 2+ channel activity but were contingent on the crucial AIS protein, protein kinase CK2. Using compartmental simulations, we examined the effects of varying the AIS position relative to the soma and found that AIS distal relocation of both Na v and K v 7 channels elicited a decrease in neuronal excitability. Thus, alterations in M-channel activity rapidly trigger unique AIS plasticity to stabilize network excitability.
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homeostatic plasticity | axon initial segment | M-current | potassium channel | K v 7 N eurons use a variety of homeostatic mechanisms to stabilize ongoing network activity in the face of bidirectional input perturbations that cause firing rates to deviate from a defined set point (1) . The adaptive mechanisms include synaptic scaling, changes in the number of synapses or dendritic excitability (2) (3) (4) (5) (6) , and structural and functional alterations of the axon initial segment (AIS) (7) (8) (9) (10) (11) (12) (13) .
Strategically situated between the somatodendritic and axonal compartments, the AIS spans the proximal unmyelinated part of the axon (10-60 μm) to trigger and shape action potentials (APs) and to determine neuronal output (7) (8) (9) (10) (11) (12) (13) . The AIS provides a diffusion barrier that restricts membrane protein motion and lipids exchange and serves as a filter that selectively excludes somatodendritic vesicles and recruits axonal cargoes (14) (15) (16) . The structural architecture of the AIS consists of ion channels and celladhesion molecules anchored to specialized cytoskeletal protein scaffolds, ankyrin G and βIV spectrin, that are connected to actin filaments and microtubules (7, 12, 13, 15, 17, 18) . Actin rings are regularly found (at a 190-nm period) along the AIS and distal axon (17, 18) . Ankyrin G binds subtypes of voltage-gated sodium (Na v ) and potassium (K v ) channels via a specific analogous motif, ensuring their clustering at the AIS (19) (20) (21) (22) . In mature neurons of the cortex and hippocampus, Na v 1.2 preferentially localizes to the proximal part of the AIS, while Na v 1.6 and K v 7.2/K v 7.3 cluster along the distal part (12, 23, 24) . The lower activation threshold of Na v 1.6 channels compared with Na v 1.2, their segregation from the soma, and their distal AIS location make them suitable for AP generation (12, 23) . Assembled as heterotetramers of K v 7.2 and K v 7.3 subunits, M-channels produce a low-threshold, slowly activating and non-inactivating K + current modulated by cholinergic muscarinic agonists (25, 26) . The recently reported M-current density gradient toward the AIS distal end led to the proposal that K v 7.2/3 channels exert stabilizing effects on the resting membrane potential, which prevents subthreshold potential activation of persistent Na + current and restrains spontaneous firing but also increases the availability of Na + channels (27) . Long considered to be the trigger zone for AP initiation (28) , the AIS was regarded as a static and rigid structure encompassing ion channels anchored to a scaffolding and cytoskeletal protein network. Now, it is recognized that the AIS is a highly dynamic structure, capable of structural and functional plasticity and continuously adapting to changes in neuronal activity (8, 12, (29) (30) (31) . In 2010, two seminal studies found that changes in neuronal activity could lead to AIS relocation or resizing as a new mechanism of slow homeostatic adaptation (32, 33) . Auditory input deprivation for 3-7 d led to AIS elongation associated with enhanced excitability in nucleus magnocellularis neurons of chicken (33) . Conversely, in cultured hippocampal neurons, increase in neuronal activity for 2 d by optogenetic stimulation or by high-K + -induced depolarization resulted in distal relocation of the AIS, which correlated with a decrease in excitability (32) . In hippocampal dentate granule cells, the same depolarizing trigger applied for only 3 h caused two main alterations that counteracted each other,
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The axon initial segment (AIS), the region where neurons generate spikes, was recently shown to be a highly dynamic structure, exhibiting plasticity over wide timescales. Here we triggered a unique form of AIS plasticity in hippocampal pyramidal neurons by selectively targeting the AIS M-type K + channels. We uncovered the mechanisms whereby sustained cholinergic activation or direct M-channel block rapidly trigger a unique form of AIS plasticity. Minutes to hours of sustained M-current depression resulted in a compensatory reduction in intrinsic excitability associated with distal shift of the axonal spike trigger zone and distal relocation of both Na + and M-channels. These fast homeostatic changes, necessary to stabilize network excitability, were dependent on the crucial AIS protein, protein kinase CK2.
shortening of the AIS and dephosphorylation of Na + channels, thereby maintaining the excitability at a similar level (34) .
Here we triggered plasticity by selectively targeting the M-channels, which are integral components of the AIS (21) and are fine tuners of neuronal excitability (25, 35, 36) . We applied either the selective M-channel blocker XE-991 or the cholinergic muscarinic agonist carbachol, which via the Gq protein-coupled muscarinic receptors-phospholipase C cascade causes the breakdown of phosphatidylinositol-4,5-bisphosphate, thereby destabilizing the M-channel open state and inhibiting the M-current (37) . Acute M-current inhibition by carbachol or by XE-991 increased the intrinsic excitability of cultured hippocampal pyramidal neurons as well as hippocampal network activity. This effect was transient, however. Hippocampal neurons subjected to M-current inhibition for extended periods of more than 1 h showed a gradual decrease in intrinsic excitability associated with a distal shift in the spike trigger zone and a relocation away from the soma of the FGF14, Na v , and K v 7.3 channels but not of ankyrin G. Similar results were obtained in CA1 pyramidal neurons of acute hippocampal slices. The functional and structural plastic changes in the AIS induced by M-channel blockage were insensitive to L-type Ca 2+ channel activity but were dependent on protein kinase CK2, which plays a central role in AIS function. Hence, perturbation of M-channel activity produces a rapid and unique form of homeostatic plasticity to stabilize neuronal excitability.
Results

M-Channel Inhibition Triggers Fast Homeostatic Changes in Intrinsic
Excitability of Cultured Hippocampal Neurons. Whole-cell patchclamp recording was first performed on cultured hippocampal neurons with pyramidal-like morphology [14-16 d 
Acute exposure of cells to 10 μM carbachol or 10 μM XE991 resulted in the inhibition of 62% and 70% of the M-current, respectively, which significantly depolarized the resting membrane potential (ΔV = +2.1 mV and ΔV = +5.9 mV, respectively) and increased the spontaneous firing rate (4.1-fold and 1.9-fold, respectively) (Fig. 1A and Figs. S1 A and B and S2 A and B). M-current blockage by XE-991 was maintained at the same level when neurons were chronically exposed to the drug for extended periods of 1-48 h (Fig. 1A) . The increase in the spontaneous firing rate was still significant following 1-4 h of XE991 chronic treatment and was comparable to that observed after acute M-channel inhibition. For longer time exposures (24 and 48 h), the spontaneous firing rate decreased progressively and returned to the values of untreated neurons (Fig. S1B) , reflecting a slow adaptation and suggesting the involvement of slow homeostatic plasticity processes (1) . XE991 was stable during prolonged incubation conditions, as shown by a significant increase in the spontaneous firing rate (2.1-fold) following acute exposure of naive hippocampal neurons (formerly incubated for 48 h with a hippocampal culture) to a XE991 solution (10 μM) (Fig. S1C) .
We focused our study on homeostatic changes in intrinsic excitability induced by M-current inhibition. Therefore recordings were performed in the presence of synaptic receptor blockers in the extracellular solution. As expected, acute bath application of the cholinergic agonist carbachol (10 μM) or the M-channel blocker XE991 (10 μM) significantly altered the intrinsic characteristics of hippocampal neurons, decreasing threshold current and AP amplitude, increasing AP width, apparent input resistance, and frequency of evoked spike discharge, and depolarizing resting membrane potential (RMP) (Fig. 1 B-D and Figs. S2 B and C and S3A). Sustained cholinergic activation by carbachol or M-current block by XE991 led to rapid adaptive changes (after 1-4 h) that progressively brought these values back to those of untreated neurons. For example, after 1 h of carbachol or XE-991 exposure, the threshold current and the frequency of evoked spike discharge almost completely returned to the pretreatment values ( Fig. 1 B-D and Figs. S2 B and C and S3A). As shown above, this rapid homeostatic outcome was not the result of increased M-current density (Fig. 1A) . Thus, the results indicate that sustained M-channel inhibition resulting from either cholinergic muscarinic activation or direct channel block induced rapid adaptive changes in the intrinsic excitability of hippocampal neurons and that this 1-h timescale of compensation is faster than that of the (A) Representative M-currents, measured by the standard deactivation protocol (holding at −20 mV and deactivation at −40 mV), were inhibited following acute and prolonged exposure to 10 μM carbachol or 10 μM XE991, as indicated. M-currents were significantly inhibited by acute carbachol exposure (two-tailed paired t test: *P = 0.0271; t = 2.835 df = 15, n = 16). M-currents were significantly inhibited by acute XE991 exposure (two-tailed paired t test: *P = 0.0125; t = 2.450, df = 15, n = 16). M-currents were significantly inhibited by chronic XE991 treatment [one-way ANOVA: P < 0.001, F = 8.602, df = 3, and post hoc Tukey's multiple comparison test: significantly different (***P < 0.001) for untreated (n = 49) vs. 1 h (n = 46), untreated vs. 4 h (n = 47), and untreated vs. 48 h (n = 42)]. (B) Representative traces of solitary spike discharge evoked by 2-ms step injection of depolarizing currents with increments of 25 pA to measure the threshold current in the absence or presence of 10 μM XE991. Acute XE991 exposure significantly decreased the threshold current (two-tailed paired t test: ***P < 0.0001; t = 5.841, df = 13, n = 14). In chronic XE991 treatment, the threshold currents in untreated (n = 113), 1 h (n = 55), 4 h (n = 52), 24-h XE991 treatment (n = 44), and 48 h (n = 51) were not significantly different (one-way ANOVA, P = 0.2228; F = 1.433, df = 4). (C) Representative traces of solitary spike discharge evoked by 2-ms step injection of depolarizing currents with increments of 25 pA in the presence of synaptic blockers to measure the threshold current in the absence or presence of 10 μM carbachol. Acute carbachol exposure significantly decreased the threshold current (two-tailed paired t test: ***P = 0003; t = 4.922, df = 13, n = 14). In chronic carbachol treatment, the threshold currents in untreated (n = 28), 1 h (n = 28), and 4 h (n = 26) were not significantly different (one-way ANOVA, P = 0.7684, F = 0.2643, df = 2). (D) Representative spike discharge evoked by 800-ms step injection of depolarizing current with increments of 50 pA in the presence of synaptic blockers to measure the rate of discharge. Acute XE991 treatment significantly increases the rate of evoked spike discharge [two-tailed paired t test: 50 pA, *P = 0.014, t = −2.985, df = 10; 100 pA, *P = 0.017, t = −2.863, df = 10; 150 pA, **P = 0.007, t = −3.348, df = 10; 200 pA, P = 0.651, t = −0.467, df = 10; 250 pA, P = 0.311, t = −1.068, df = 10 (n = 11)]. In chronic XE991 treatment, the rates of spike discharge were not significantly different: untreated: n = 102; 1 h: n = 39; 4 h: n = 40; 24 -h: n = 37; 48 h: n = 46; repeated measures ANOVA, P = 0.916, F = 0.171, df = 3.
homeostatic alterations in the spontaneous firing rate, which take 1-2 d to occur. Staining for ankyrin G, Na v channels, and K v 7.3 K + channels was performed in cultured hippocampal neurons (16 DIV) with selective antibodies. In control conditions, the proximal boundaries of ankyrin G, K v 7.3, and Na v immunofluorescence were found at approximately the same location in the AIS, while the distal boundary of the K v 7.3 label was consistently more proximal than that of ankyrin G and Na v (Fig. 2 A-C) . In addition, the ankyrin G stain extended slightly farther than that of Na v . A distal shift in the start of K v 7.3 and Na v channel labels became evident after 1-h incubation with 10 μM XE991. The distance between the soma and the proximal boundary of both K v 7.3 and Na v immune signals increased progressively, reaching steady values of 3.9 ± 0.8 μm (untreated: n = 133; XE991-treated: n = 111) and 4.9 ± 1.3 μm (untreated: n = 99; XE991-treated: n = 91), respectively, after 4 h of XE991 exposure (Fig. 2 A-C) . The extent of this distal relocation away from the soma remained the same after longer XE991 incubation for up to 2 d. A similar distal shift was observed for the end label of K v 7.3 and Na v immunofluorescence, such that the total length of K v 7.3 and Na v channel distributions in the AIS remained the same throughout the XE991 treatment ( Fig. 2 A and B) . When Na v channels were costained with anti-MAP2 antibodies, a similar distal shift of the Na v immune signal, 4.6 ± 0.8 μm, was found after 4 h of XE991 treatment (untreated: n = 64; XE991-treated: n = 61) (Fig. S4) . Also, no significant differences in K v 7.3 and Na v immunofluorescence intensities were observed as determined by the AIS channel:soma or AIS channel:ankyrin G intensity ratios (Fig.  S3B ). Bath application of the muscarinic agonist carbachol elicited a similar effect on the distribution of the AIS channels. Thus, exposure of the neurons to carbachol for 4 h promoted a distal shift of the K v 7.3 immune signal by 4.6 ± 0.9 μm (untreated: n = 54; XE991-treated: n = 51) (Fig. 2E ). To investigate whether the distal channel redistribution was bidirectional, hippocampal neurons (14 DIV) were incubated for 4 h with 10 μM XE991, which subsequently was washed out for 24 h. Immunostaining performed following the washout of XE991 revealed that the total length and the distance between the start of the K v 7.3 segment and the soma was similar to that of untreated neurons, indicating that the distal shift of the channels was reversible ( Fig. 2D) .
A recent study showed that FGF14 physically interacts with both the Na v 1.6 and K v 7.2 channels, thereby enabling their bridging in the AIS. FGF14 was proposed to be an organizer of Na v 1.6 and K v 7 channel localization in the AIS, suggesting their coordinated function (38) . If this is indeed the case, one should expect that FGF14 would follow similar homeostatic changes after extended M-channel inhibition. In agreement with this idea, FGF14 immunostaining exhibited a significant 4-μm distal shift after 4 h of XE991 treatment without a change in its total length (Fig. S5 ). This FGF14 distal relocation is like that of the K v 7.3 and Na v channels. In line with previous work (38, 39) , the length of the FGF14 label was shorter than that of ankyrin G (∼24 μm versus 33 μm) ( Fig. 2C and Fig. S5 ).
In contrast to the K v 7.3 and Na v channels, the ankyrin G label did not exhibit a distal shift from the soma following a 4-h XE991 treatment. Only after 2 d of XE991 exposure did an ankyrin G distal relocation of about 3.9 ± 1.4 μm occur (untreated: n = 91; XE991-treated for 48 h: n = 99). The extent of the ankyrin G distal shift was similar to that found for the K v 7.3 and Na v channels. However, the total length of the ankyrin G platform did not change throughout the chronic XE-991 exposure and remained longer than that of the K v 7.3 and Na v segments (Fig. 2C) . Taken together, these data indicate that after sustained M-channel inhibition the rapid forward redistribution of FGF14 and the K v 7.3 and Na v channels occurs at a minutes-to-hours time scale and parallels the adaptive changes in intrinsic excitability. In contrast, the slow ankyrin G relocation matches the hours-todays time scale characteristic of the adaptive changes in the spontaneous firing rate.
M-Channel Blockade Rapidly Elicits Distal Relocation of AP-Evoked Axonal Na
+ Flux and Shifts the Trigger Zone Away from Soma. To determine the physiological significance of the fast distal shift in Na v immunofluorescence following sustained M-channel blockade, we used high-speed fluorescence imaging of the Na + indicator benzofuran isophthalate (SBFI) to examine the Na + dynamics associated with single-spike generation (40, 41) . Fast Na + imaging acquisition was performed along with whole-cell patch-clamp recordings. The dynamics of Na + transients for brief times were previously described in terms of Na + influx and lateral diffusion (40, 41) . The diffusion effects were minimized by applying only single APs to generate Na + transients. We measured the absolute change in fluorescence (ΔF), which is proportional to the Na + influx per unit membrane area and is rather unaffected by the somatic light scattering and background tissue fluorescence. The proximal axon was identified as the only process in the cell that possessed sharply rising and rapidly decaying Na + transients (Experimental Procedures). Following 4 h of XE991 treatment, the location of the peak Na + influx was distally shifted from the soma by about 8.8 ± 3.9 μm (untreated: n = 15; XE991-treated: n = 15) (Fig. 3A) . Furthermore, although the start of the Na + influx was located at approximately the same position from the soma (∼12.1 ± 2.4 μm; untreated: n = 19; XE991-treated: n = 16), the distribution of the Na + influx in XE991-treated neurons was significantly wider by about 9.7 ± 3.4 μm (untreated: n = 19; XE991-treated: n = 16), spreading toward the distal AIS boundary ( Fig. 3A and Movie S1). By monitoring the changes in the Na + influx pattern before and after XE991 exposure to the same hippocampal neuron, we found that the onset of adaptive changes occurred rapidly, within less than 1 h. After not more than 15-45 min of XE991 treatment, significant changes in the AIS sodium transient pattern were noticed in neurons, with a wider distribution of Na + influx (36.9 ± 2.2 μm versus 32.5 ± 1.4 μm; n = 12) and a distal shift of about 3.4 μm in its maximal value (Fig. 3B) . Control experiments showed that these parameters did not change during similar periods of recording in the absence of XE991, ruling out possible artifacts caused by cytoplasmic dialysis, metabolic exhaustion, or SBFI diffusion (Fig. S6) .
In view of the distal shift of the AIS Na v immunofluorescence and of Na + fluxes, we hypothesized that sustained M-channel blocker exposure would lead the cultured hippocampal neurons to exhibit a distal relocation of the AP trigger zone. To probe this prediction, Na + fluxes reported by SBFI fluorescence and spatiotemporal dynamics of AP initiation were measured simultaneously using dual-patch soma-axon recordings as reported previously (40, 41) . A whole-cell somatic patch pipette was used to trigger single APs and to dialyze the SBFI probe, thereby allowing identification of the axon among other processes emerging from soma, while a loose patch pipette was used to record action currents at various locations along the AIS. As in cortical pyramidal neurons (40) , the amplitude of the action currents decreased as a function of the distance from the soma. The arrowheads in Fig. 4A , Upper show the normalized action currents recorded from different locations along the proximal axon, revealing the differences in the times of their respective onsets relative to the delayed occurrence of the somatic spike. The AP trigger zone, defined as the site with the longest lag time to somatic signal, shifted distally by 6.3 ± 2.1 μm (untreated: n = 20; XE991-treated: n = 17) away from the soma in neurons exposed to XE991 for 4 h (Fig. 4) . Importantly, comparison of the distances measured from the soma to the site of the maximum Na + influx (ΔF max) and to the trigger zone indicated that there was a spatial mismatch between the Na + flux and spike initiation in both control (14.4 μm) and XE991-treated (12.2 μm) neurons. In line with the immunofluorescence labeling, the data indicate that protracted M-channel blockade triggered a fast compensatory distal shift in the physical location of K v 7.3 and Na v channels as well as in the trigger zone along the AIS.
Hippocampal CA1 Pyramidal Neurons Adapt Rapidly to Sustained M-Current Inhibition. To confirm the data obtained in cultured hippocampal neurons, whole-cell recordings were done in CA1 pyramidal neurons in acute hippocampal slices. Stable recording could be obtained from the same cell for up to 3 h with no change in the RMP, the threshold current, the frequency of evoked spike discharge, or the delay between the axonal and somatic phases of an upstroke of the somatic spike (Fig. S7) . As expected, acute XE991 exposure (5 min) significantly depolarized the RMP, decreased the threshold current, and increased the rate of evoked spike discharge ( Fig. 5 A and B) . However, extended incubation with XE991 led to rapid adaptive changes (after 1-3 h) that progressively rescaled the intrinsic excitability values to those of untreated neurons (Fig. 5 A   Fig. 3 . M-channel blockade rapidly elicits distal relocation of AP-evoked axonal Na + flux. (A, Left) Images of an untreated neuron and a neuron exposed to XE991 for 4 h. Cells were patch-clamped and filled with SBFI. In the whole-cell configuration, a single AP was evoked, and Na + imaging was performed simultaneously. Five-micrometer sections along the axon were selected, and changes in Na + fluxes were tracked along these sections (yellow arrowheads).
(Upper Right) Na + imaging records from the neurons at the left; single APs induced a bell-shaped increase in Na + flux changes along the AIS. (Lower Right)
The distance between the soma and the start of Na + flux changes did not change significantly between untreated neurons (n = 19) and neurons chronically treated with XE991 (n = 16). The dispersion of Na + flux changes along the axon increased significantly after chronic XE991 treatment (two-tailed unpaired t test: **P = 0.0072, t = 2.867, df = 33). Moreover, the location of the peak Na and B). Phase plots of evoked single spikes unveiled the two phases of the somatic AP, the early one reflecting the axonal upstroke phase and the later one reflecting the voltage-dependent recruitment of the somatic Na + channels (42) . The phase-plot pattern was not significantly affected by acute XE991 exposure. Interestingly, prolonged treatment with the M-current blocker changed the phase-plot characteristics by shifting the spike threshold to more negative voltages and by lengthening the interval between axonal and somatic derivative of membrane voltage by time (dV M )/dt peaks (Fig. 5C) . The delay between the axonal and the somatic phases, which is further highlighted by analyses of the second derivative of the voltage, increased throughout XE991 exposure (Fig.   5C ). The homeostatic process may also involve the recruitment of other potassium channels such as K v 1.1, K v 1.2, K v 1.4, and K v 2.2 (11), which could account for the overshoot of the threshold potential and the RMP toward negative voltages.
Immunostaining of CA1 pyramidal neurons under control conditions revealed that, as in cultured hippocampal neurons, the proximal boundary of ankyrin G, K v 7.3, and Na v immunofluorescence started at approximately the same location from the soma, but the distal end of the K v 7.3 label was consistently shorter than that of Na v , which itself was shorter than that of ankyrin G. Similarly, after 4-h exposure of hippocampal slices to XE991, the AIS K v 7.3 and Na v segments of CA1 pyramidal neurons were shifted away from the soma by 3.4 ± 0.3 μm (untreated: n = 201; 4 h XE991-treated: n = 193) and 3.9 ± 0.4 μm (untreated: n = 156; XE991-treated for 4 h: n = 129), respectively, while ankyrin G was not (Fig. 6) . The total length of K v 7.3, Na v , and ankyrin G distributions in the AIS remained the same throughout the XE991 treatment. Together, these data indicate that CA1 pyramidal neurons in slices, similar to hippocampal neurons in culture, undergo rapid homeostatic changes in their intrinsic excitability in response to sustained M-channel inhibition (at a dozens-of-minutes timescale), which are associated with the distal relocation of K v 7.3 and Na v channels and the spike trigger zone away from soma.
Inhibition of CK2 Prevents the Adaptive Changes in Intrinsic Excitability
and in the Distal Redistribution of K v 7.3 and Na v Channels Along the AIS. To explore the mechanisms underlying the rapid homeostatic changes, we first used AIS K v 7.3 immunostaining as a readout to screen the impact of various drugs on the channel distal shift after the 4-h exposure of cultured hippocampal neurons to 10 μM XE991. The inhibition of protein synthesis, L-type calcium channels, and tyrosine kinases with cycloheximide (30 μM), nifedipine (1 μM), and tyrphostin 25 (10 μM), respectively, when added to XE991 did not preclude the distal relocation of the K v 7.3 segment (Fig. 7A ). In contrast, two different CK2 inhibitors, 4,5,6,7-tetrabromo-2-azabenzimidazole (TBB) (10 μM) and tetrabromocinnamic acid (TBCA) (25 μM), completely prevented the distal shift of K v 7.3. None of the drugs affected either the length of the K v 7.3 segment or the distance from the soma (Fig. 7A) . Inhibition of CK2 by TBB also precluded the distal relocation of Na v channels after prolonged M-channel blockage (Fig. 7B) . Previous studies showed that AIS sodium channel density is reduced by CK2 inhibition (43) . Accordingly, TBB treatment per se significantly increased the threshold current, hyperpolarized the RMP, and decreased the mean firing rate of evoked spike discharge compared with untreated neurons (Fig. 7C and Fig. S8 ). Importantly, inhibition of CK2 by TBB prevented the homeostatic adaptation caused by prolonged M-current inhibition, because it caused the XE991 acute effects on intrinsic excitability, including decreased threshold current and AP amplitude, depolarized RMP, and an increase in the evoked spike discharge rate, to persist over long time periods (Fig. 7C and Fig. S8 ). These results indicate that the homeostatic changes in AIS induced by sustained M-current inhibition were independent of L-type Ca 2+ channel activity but were contingent on the crucial AIS component, protein kinase CK2. Recent studies suggest that CK2 leads to microtubule destabilization and stimulates microtubule dynamics by increasing the activity of the tubulin deacetylase HDAC6 (44) (45) (46) . Thus, we checked the impact of 100 nM taxol, a microtubule stabilizer, on the distal redistribution of FGF14 induced by 4 h of XE991 exposure. Taxol inhibited the distal relocation of FGF14 and therefore prevented the plastic adaptive changes (Fig. 7D) .
Implications of Na
+ and M-Channel Relocation for Spike Generation. An earlier study revealed that activity-dependent relocation of the AIS away from the soma of cultured hippocampal neurons causes a reduction in excitability (32) . The mechanism proposed by Grubb and Burrone (32), however, was based primarily on the expectation Fig. 7 . Inhibition of CK2 prevents the adaptive changes in intrinsic excitability and in the distal shift of K v 7.3 and Na v channels along the AIS of cultured hippocampal neurons. (A, Left) K v 7.3 immunostaining of an untreated neuron and a neuron chronically exposed to 10 μM XE991 together with 10 μM TBB (a CK2 inhibitor) for 4 h. (Center) Several blockers were added together with XE991 (XE) for 4 h; 30 μM cycloheximide (CHX, a protein synthesis inhibitor), 1 μM nifedipine (NIFE, an L-type calcium channel blocker), and 10 μM tyrphostin 25 (TYR, a tyrosine kinase inhibitor) did not affect the distal shift caused by prolonged M-current inhibition. TBB (10 μM) or TBCA (25 μM), two different CK2 inhibitors, prevented the distal shift promoted by extended XE991 treatment. Untreated (UT), n = 218; XE, n = 191; CHX, n = 51; XE+CHX, n = 84; NIFE, n = 135; XE+NIFE, n = 138; TYR, n = 78; XE+TYR, n = 104; TBB, n = 109; XE+TBB, n = 103; TBCA, n = 99; XE+TBCA, n = 90. One-way ANOVA, P < 0.0001, F = 5.286, df = 11, and post hoc Tukey's multiple comparison test: significantly different for CHX vs. XE+CHX (*P < 0.05); NIFE vs. XE+NIFE (**P < 0.01), and UT vs. XE and TYR vs. XE+TYR (***P < 0.001). (Right) None of the treatments with the different blockers affected the length of the AIS K v 7.3 segment. (B, Upper) Na v immunostaining of untreated neurons and neurons chronically exposed to 10 μM XE991 together with 10 μM TBB for 4 h. (Lower Left) The CK2 inhibitor TBB prevented the distal shift of AIS Na v channels promoted by extended XE991 treatment. Untreated: n = 175, XE991: n = 127, TBB: n = 138, XE+TBB: n = 125. One-way ANOVA: ***P < 0.0001, F = 13.06, df = 3, and post hoc Tukey's multiple comparison test: significantly different for untreated vs. XE, XE vs. XE+TBB, and XE vs. TBB. (Lower Right) The length of the AIS Na v segment remained unchanged. (C, Upper) Four-hour TBB exposure alone increased the threshold current. Treatment with XE991+TBB for 4 h decreased the threshold current compared with that obtained with TBB alone. One-way ANOVA: *P < 0.05, ***P = 0.0005, F = 7.953, df = 2, and post hoc Tukey's multiple comparison test: significantly different for untreated (n = 44) vs. TBB (n = 45) and TBB vs. TBB+XE (n = 51). (Lower) Four-hour TBB exposure alone decreased the rate of evoked spike discharge. Four-hour treatment with XE991+TBB increased the evoked spike discharge rate compared with that obtained with TBB alone (untreated: n = 46; 4-h TBB treatment: n = 47; 4-h XE+TBB treatment: n = 51; repeated-measures ANOVA: P < 0.001, F = 342.409, df = 1; post hoc Bonferroni comparison test: untreated vs. 4-h TBB treatment, ***P < 0.001; 4-h TBB treatment vs. 4-h XE+TBB treatment, **P = 0.005). (D, Upper) FGF14 immunostaining of an untreated neuron and a neuron chronically exposed to 10 μM XE991 together with 100 nM taxol for 4 h. (Lower Left) Taxol prevented the distal shift of AIS FGF14 promoted by extended XE991 treatment. Untreated, n = 99; XE991, n = 117; taxol, n = 121; XE+taxol, n = 106. One-way ANOVA: ***P < 0.0005, F = 6.09, df = 3; and post hoc Tukey's multiple comparison test: significantly different for untreated vs. XE. (Lower Right) The length of the AIS FGF14 segment remained unchanged.
of greater passive attenuation of the voltage transients on the way from the soma to the trigger zone enriched by Na + channels. On the contrary, our previous evidence based on measurements of the axonal Na + fluxes and computational modeling suggested that at any realistic axoplasm resistivity values the relocation of Na + channels alone further down the axon could not, by itself, be the reason for a decrease in neuronal excitability (40, 41) . However, the rapid M-channel-triggered plasticity described above entails the simultaneous relocation of both Na v and K v 7 channels (Fig.  8A) . We therefore tested the idea that this experimentally observed redistribution of the K v 7 conductance within the AIS could be sufficient to suppress spike generation. Using compartmental simulations (27, 47, 48) , we examined the effects of varying the AIS position relative to the cell body in models in which only the AIS contained Na v and K v 7 channels whereas the rest of the neuronal membrane remained passive. In the models, Na + channel density was kept constant (2,000 pS/μm 2 ) while the M-current conductance varied between 0 and 666 pS/μm 2 . Relocation of the AIS containing only Na + channels away from the soma caused a significant decrease in current threshold (Fig. 8 B and C) as a result of increased isolation from the capacitive load of the somatodendritic compartment, and the proximal relocation of the AIS had the opposite effect. In models in which the AIS contained both Na + and M-channels, however, the effect of AIS relocation was opposite: more current was required to generate an AP with increasing distance between the soma and the AIS proximal edge (Fig. 8 B  and C) . We next sought to understand the role of the position of the M-current source within the AIS in spike initiation by constructing models with the AIS shifted either toward or away from the soma by 5 μm (Fig. 8D) . In both models, increasing K v 7 conductance (gK v 7) while keeping Na conductance (gNa) constant caused a significant increase in spike current threshold. The slope of the threshold relationship (the gK v 7/gNa ratio), however, was significantly steeper for the AIS in a more distal position. Thus, our evidence indicates that, within the AIS, the more distally located K v 7 channels are more effective in suppressing neuronal excitability than those located more proximally.
Discussion
Converging lines of evidence suggest that the AIS is a highly dynamic structure, exhibiting structural plasticity over different timescales ranging from a few hours to several days (7) (8) (9) (10) (11) (12) (13) (29) (30) (31) . Various elegant studies used typical triggers of plasticity such as sensory deprivation, optogenetic stimulation, or high-K + -induced depolarization (32, 33) . Here we triggered AIS plasticity in hippocampal pyramidal neurons by selectively targeting M-channels, which are localized prominently at the AIS and play an important role in tuning neuronal excitability (21, 25, 35, 36) . Our evidence indicates that while acute M-current inhibition resulting from cholinergic activation or from direct channel block makes neurons more excitable, longer-lasting (0.5-to 4-h) M-current inhibition elicits an opposite effect, bringing neuronal excitability back toward initial values. This homeostatic compensatory process was faster than that involved in the rescaling of the network spontaneous firing rate, which took 2 d to occur. One could easily appreciate the rapid course of adaptation in CA1 pyramidal neurons, where the changes in intrinsic excitability were recorded from the same cell. The contrasting effects of acute M-channel inhibition with RMP depolarization accompanied by spike amplitude reduction and their subsequent plastic changes underscore the previously suggested dual roles of axonal M-currents (27) . On the one hand, AIS M-channels may stabilize the RMP, thereby preventing activation of persistent Na + current at subthreshold potentials and dampening spontaneous firing. On the other hand, opening at rest, AIS M-channels may regulate Na v channel availability by limiting Na v channel inactivation (27) .
The functional and structural changes in the AIS are central to the homeostatic process. Our immunofluorescence-labeling pattern of untreated neurons is somewhat different from previous studies showing that K v 7.3 and K v 7.2 proteins are weakly detected in or are absent from the proximal AIS in different cell types and that panNa v AIS staining completely overlaps with that of ankyrin G (13, 21, 27, 43, 49) . These discrepancies might be due to differences in cell types, species, strain, or experimental procedures, including the kind of antibodies or fixation conditions. For example, in the avian nucleus magnocellularis neurons, K v 7.2 immunoreactivity was distributed along the entire AIS (50) . In agreement with our findings and in line with previous work (38, 39) , FGF14, which physically bridges the K v 7 and Na v channels and entirely localizes to the proximal AIS (38, 39) , exhibited a shorter length than that of ankyrin G (∼24 μm versus 33 μm) in our preparation (Fig. 2C and Fig. S5 ). Immunofluorescence data for CA1 pyramidal neurons in slices and for cultured hippocampal neurons showed that sustained M-channel inhibition induced a rapid distal shift of K v 7.3 and Na v segments with kinetics paralleling the hour-timescale adaptive changes in intrinsic neuronal excitability. The physiological correlate of this distal channel redistribution was provided by monitoring the changes in the Na + flux pattern reported by SBFI Na + imaging in the same hippocampal neuron before and after XE991 exposure. Our data indicated that the onset of adaptive changes occurred as early as 15-45 min of XE991 treatment, with a wider distribution of the Na + flux and a distal shift in its peak value. Moreover, dual patch soma-axon recording revealed a distal shift in the trigger zone correlating the forward relocation of Na v channels. The distances measured from the soma to the maximum Na + transients (ΔF max) and to the trigger zone revealed a mismatch in location under both control and plasticity conditions, suggesting that this spatial gap is preserved despite the considerable redistribution of Na v and K v 7 channels. This work reveals correlative homeostatic changes in the spike trigger zone, axonal Na + flux, and AIS location of Na v and K v 7 channels. The similar AIS changes produced by the direct M-channel block and by the sustained cholinergic activation further emphasize the physiological relevance of this homeostatic process in hippocampal pyramidal neurons. Likewise, cholinergic stimulation of muscarinic receptors in the hippocampal dentate gyrus was shown to cause AIS plastic changes in granule cell neurons, which activate Cav3.2, thereby inhibiting M-channels and lowering the AP threshold (26) .
Our data reveal differences from the features previously described for AIS plasticity in the nature and timing of the AIS changes as well as in their underlying mechanisms. Grubb and Burrone (32) showed that chronic depolarization with 15 mM K + or with optogenetic stimulation moved essential elements of the AIS, including Na v channels, ankyrin G, βIV spectrin, and FGF14, away from the soma by up to 17 μm. This AIS relocation took 2 d to occur and was correlated with homeostatic alterations in intrinsic neuronal excitability. This distal shift depended on the activation of L-type voltage-gated calcium channels and on related downstream signaling events mediated by the Ca 2+ -calmodulin-sensitive phosphatase calcineurin (32, 51) . In our study, the shift of ankyrin G away from the soma did not occur within this 1-h time-window but instead required 2 d, matching with the time needed to rescale the spontaneous firing rate. Furthermore, the rapid homeostatic changes in the AIS induced by prolonged M-channel inhibition were not dependent on L-type Ca 2+ channel activity but were contingent on CK2. The significant structural and functional differences in AIS alterations induced by decreased M-channel activity and by high-K + -induced depolarization/optogenetic stimulation suggest that, depending on the nature of the excitability trigger, different signaling pathways can be mobilized to produce multiple forms of AIS plasticity.
The concomitant distal relocation of Na v and K v 7.3 segments along the AIS suggests that these channels redistribute as a structural and functional unit. In support of this idea, FGF14 was shown to interact with both the Na v 1.6 and K v 7.2 channels, thereby enabling their bridging in the AIS (38) . FGF14 was proposed to be an organizer of Na v 1.6 and K v 7 channel localization in the AIS (38) . Therefore, it is highly significant that FGF14 exhibited a 4-μm distal shift following 4 h of XE991 treatment without a change in its total length (Fig. S5) . This FGF14 distal relocation is like that of the K v 7.3 and Na v channels. Our data suggest that, after M-channel-triggered plasticity, FGF14 undergoes homeostatic changes similar to those of the K v 7 and Na v channels and support the notion that, thanks to FGF14 bridging, both AIS channels control neuronal excitability as one functional unit.
While blockers of protein synthesis, tyrosine kinases, and L-type calcium channels did not prevent the distal shift of K v 7.3 channels, inhibition of CK2 by TBB or TBCA precluded the distal shift of K v 7.3 and Na v channels in the AIS and the rapid adaptive changes in intrinsic excitability. CK2 exerts complex pleiotropic actions in the AIS (1). CK2 phosphorylates Na v and K v 7.2/3 channels to increase their affinity to ankyrin G (22, 43) . Therefore, it is possible that CK2 inhibition will prevent the insertion of new K v 7.2/3 channels at the distal AIS boundary without affecting those already stably anchored to ankyrin G at the proximal boundary. Thereby, CK2 may prevent the distal relocation observed after prolonged M-channel inhibition (2) . CK2 phosphorylates calmodulin to increase its interaction with K v 7.2 subunits, an effect that may be crucial for AIS targeting of K v 7.2/3 (52, 53) , with the same consequences as described above (3) . While previous work suggested that CK2 confers microtubule stability (54, 55) , recent lines of evidence indicate that CK2 leads to microtubule destabilization and stimulates microtubule dynamics by increasing the activity of the tubulin deacetylase HDAC6. CK2 was shown to increase HDAC6 activity either by direct HDAC6 phosphorylation (46) or by priming GSK3β, which interacts with HDAC6 and enhances its activity by increasing HDAC6 phosphorylation at Ser22 (45) . Acetylation of α-tubulin contributes to microtubule stability, and α-tubulin deacetylation via increased HDAC activity was suggested to lead to microtubule instability and cell motility (44, 45) . Along this line, a recent work in a mouse model of familial dysautonomia showed that reduced levels of IκB kinase complex-associated protein (IKAP) lead to increased HDAC6 levels in sensory neurons, thereby reducing acetylated α-tubulin and provoking microtubule instability (56) . We suggest that the homeostatic changes subsequent to prolonged M-channel inhibition require enhanced microtubule dynamics and instability to produce the distal redistribution of Na v and K v 7 channels along the AIS. In support of this idea, our data indicate that taxol, a microtubule stabilizer, inhibits the distal relocation of FGF14 and therefore prevents the plastic adaptive changes. Our results are also in line with a recent study showing that taxol could prevent the distal AIS repositioning induced by hyperphosphorylation of the tau protein in an animal model of Alzheimer's disease (57) . Together, the data suggest that this rapid and unique form of homeostatic plasticity triggered by alterations in M-channel activity is dependent on CK2 activity and microtubule dynamics.
Experimental Procedures
Animals. BALB/c mice were used for generating the primary cultures of hippocampal neurons and for acute hippocampal slice experiments. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Tel Aviv University, Tel Aviv, (animal welfare authorization number 01-16-012).
Drugs. The following drugs were used: XE991 (Tocris), Carbachol (Sigma), cycloheximide (Sigma), nifedipine (Sigma), Tyrphostin 25 (Sigma), TBCA (Sigma), TBB (Tocris), bicuculline (Sigma), picrotoxin (Sigma), NBQX (Sigma), AP5 (Sigma), tetrodotoxin (Alomone Labs), ZD7288 (Tocris), and 4-aminopyridine (Sigma).
Details of primary cultures of hippocampal neurons, acute brain slice preparation, sodium imaging, electrophysiology, immunostaining, data analysis, statistics, and compartmental modeling are provided in SI Experimental Procedures.
